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ABSTRACT
We investigate interaction effects on the dynamics and morphology of the galaxy
pairs AM 2058-381 and AM 1228-260. This work is based on r′ images and long-
slit spectra obtained with the Gemini Multi-Object Spectrograph at the Gemini
South Telescope. The luminosity ratio between the main (AM 2058A) and secondary
(AM 2058B) components of the first pair is a factor of ∼ 5, while for the other pair,
the main (AM 1228A) component is 20 times more luminous than the secondary
(AM 1228B). The four galaxies have pseudo-bulges, with a Se´rsic index n < 2. Their
observed radial velocities profiles (RVPs) present several irregularities. The receding
side of the RVP of AM 2058A is displaced with respect to the velocity field model,
while there is a strong evidence that AM 2058B is a tumbling body, rotating along
its major axis. The RVPs for AM 1228A indicate a misalignment between the kine-
matic and photometric major axes. The RVP for AM 1228B is quite perturbed, very
likely due to the interaction with AM 1228A. NFW halo parameters for AM 2058A are
similar to those of the Milky Way and M 31. The halo mass of AM 1228A is roughly
10% that of AM 2058A. The mass-to-light (M/L) of AM 2058 agrees with the mean
value derived for late-type spirals, while the low M/L for AM 1228A may be due to
the intense star formation ongoing in this galaxy.
Key words: galaxies: general – galaxies: interactions – galaxies: kinematics and
dynamics – galaxies: photometry
1 INTRODUCTION
Within the λCDM cosmology framework, mergers or inter-
actions play a fundamental role in the formation, growth and
subsequent galactic evolution (e.g., Somerville, Primack &
Faber 2001; Hopkins et al. 2010, and references therein).
Indeed, as shown in merger trees of hierarchical models of
galaxy formation, the galactic growth is driven by accre-
tion of other galaxies, most often minor companions (e.g.,
Cole et al. 2000; Wechler et al. 2002; Be´dorf & Portegies
Zwart 2012). Despite their importance, these minor merg-
ers have been less studied than major merger interactions
(Schwarzkopf & Dettmar 2000). From the observational
point of view, the statistical samples show a bias favour-
ing major mergers, due to the large magnitude differences
between galaxies and the magnitude limit set by redshift
? E-mail:hernandez.jimenez@ufrgs.br
(Woods & Gueller 2007). On the other hand, numerical sim-
ulations also show a trend to study major interactions, since
the computational cost is larger for minor mergers, due to
the higher resolution required to model the small compan-
ions (Hernquist & Mihos 1995; Barnes & Hibbard 2009).
Nevertheless, there have been significant advances in
understanding minor mergers. For instance, numerical sim-
ulations indicate that they can trigger star formation and
transform the morphologies of galaxies (e.g., Mihos &
Herquist 1994; Hernquist & Mihos 1995; Naab & Burk-
ert 2003; Cox et al. 2008; Qu et al. 2011). These results
have been confirmed by observational studies (e.g., Larson
& Tinsley 1978; Kennicutt et al. 1987; Donzelli & Pastor-
iza 1997; Barton et al. 2000; Lambas et al. 2003; Woods &
Gueller 2007; Lambas et al. 2012).
On the other hand, minor mergers are also recognized
as potential agents to drive the morphological evolution of
galaxies. For example, as a result of a satellite accretion, the
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galactic discs can become warped and heated (e.g., Quinn,
Herquist, & Fullagar 1993; Walker, Mihos & Herquist 1996)
or inner structures can be created, such as discs, rings and
spiral arms (e.g., Eliche-moral et al. 2011). Furthermore,
the interaction with a small companion can generate all
kinds of phenomenons seen in majors cases, such as tidal
tails, bridges, rings, as well as form or destruct bars or spi-
ral arms (e.g., Salo & Laurikainen 1993; Mihos & Bothun
1997; Rodrigues et al. 1999; Dı´az et al. 2000; Thies & Kohle
2001; Krabbe et al. 2008, 2011). In addition, the velocity
fields of the large galaxy often shows asymmetries and ir-
regularities due to the interaction with the smaller compan-
ion (e.g., Rubin et al. 1991, 1999; Dale et al. 2001; Mendes
de Oliveira et al. 2003; Fuentes-Carrera et al. 2004; Krabbe
et al. 2008; Hernandez-Jimenez et al. 2013). Such distor-
tions are seen in the rotation curves as significantly rising or
falling profiles on the side pointing towards the companion
galaxy, or pronounced velocity bumps, which are stronger
at perigalacticum passages and decline 0.5 Gyr after that
(Kronberger et al. 2006).
The kinematic and photometric effects caused by minor
mergers strongly depend on structural parameters, such as
morphological type (bulge, disc, bar, etc.), baryonic-to-dark
mass ratios, and orbital parameters, such as retrograde, pro-
grade, inclination and coplanar orbits (Hernquist & Mihos
1995; Berentzen et al. 2003; Cox et al. 2008; Eliche-moral et
al. 2011). Thus, obtaining photometric and kinematic infor-
mations on minor merger systems is useful for understand-
ing the effects that interaction may have on each component.
The decomposition of the surface brightness profile can be
used to infer the stellar mass distribution. Rotation curves
are used to constrain models of dark matter distribution
(van Albada et al. 1985; Carignan 1985; Kent 1987; Blais-
Ouellette et al. 2001).
In order to investigate the interaction effects on kine-
matic and photometric properties of minor merger compo-
nents, we have selected several systems from Donzelli & Pas-
toriza (1997) and Winge et al. (in preparation) samples of
interacting galaxies taken from the Arp-Madore catalogue
(Arp & Madore 1987). These pairs consist of a main galaxy
(component A) and a companion (component B) that has
about half or less the diameter of component A. The pairs
lack basic information, such as morphological types, magni-
tudes and redshifts. Optical spectroscopic properties (e.g,
star formation rates, diagnostic diagrams, stellar popula-
tion) of these samples have been already studied by Donzelli
& Pastoriza (1997), Pastoriza, Donzelli & Bonatto (1999)
and Winge et al. (in preparation). From their samples, we
have selected systems in which the main component has a
well-defined spiral structure, so that the effect of the inter-
action in the arms is easily seen, and the galactic disc has
an inclination (i) with respect to the plane of the sky of
30◦6 i 670◦. In addition, these systems have different sepa-
rations between the components, morphological distortions
and likely interaction stages. Long-slit spectroscopy and im-
ages of these systems were obtained with the Gemini Multi-
Object Spectrograph (GMOS) at Gemini South Telescope.
Previous results from this project have been presented for
the systems AM 2306-721 (Krabbe et al. 2008), AM 2322-821
(Krabbe et al. 2011) and AM 1219-430 (Hernandez-Jimenez
et al. 2013). Along these works, we have developed a ro-
bust methodology to obtain the kinematic and photomet-
ric properties of the galaxies in minor mergers. Such prop-
erties are valuable constraints for numerical simulations in
case studies in order to understand the specific mechanisms
that drive the collision in an interaction of unequal mass
galaxies. In this paper, we present the results for two other
pairs, AM 2058-381 from Donzelli & Pastoriza (1997), and
AM 1228-260 from Winge et al. (in preparation). Fig. 1
shows the r′ images of both pairs. These systems show dif-
ferent projected separations between the pair members. For
AM 2058-381, there is a projected distance between galaxy
centres of ∼ 43.3 kpc (∼ 4.4 diameters of the main galaxy),
while for AM 1228-260, the projected distance is ∼ 11.9 kpc
(∼ 2 diameters of the main galaxy).
AM 2058-381 is composed by a large spiral galaxy (here-
after AM 2058A) with two arms, and a small peanut shape
companion (hereafter AM 2058B) (Fig. 1). Ferreiro & Pas-
toriza (2004) found that AM 2058A presents bright Hii re-
gions distributed along the spiral arms. The ages of these
regions are in the range of 5.2 × 106 < t < 6.7 × 106 yr
(Ferreiro, Pastoriza & Rickes 2008). The integrated colours
of AM 2058A and AM 2058B are rather blue with (B−V) =
0.6 and (B−V) = 0.4, respectively, indicating an enhance-
ment of star formation in both galaxies. Krabbe et al. (2014)
studied the electron density for this system, and found a
wide variation of the electron density across AM 2058A with
33 < Ne < 911 cm
−3. On the other hand, for AM 2058B the
electron densities are relatively low, with a mean value of
Ne = 86±33 cm−3, which is compatible with that found for
giant extragalactic Hii regions. The metallicity gradient in
AM 2058A has a shallow slope when compared with those
of typical isolated spiral galaxies (Rosa et al. 2014). Such
flat metallicity gradient has been found in several interact-
ing galaxies (e.g., Krabbe et al. 2008; Kewley et al. 2010;
Krabbe et al. 2011; Rosa et al. 2014), and may result from
the interaction that induces gas inflow from the external disc
towards the central region of the galaxies (Dalcanton 2007;
Perez, Michel-Dansac & Tissera 2011).
AM 1228-260 is composed by a large barred spiral (here-
after AM 1228A) and a dwarf galaxy (hereafter AM 1228B)
(see Fig. 1). The main galaxy is classified as an extreme
IRAS galaxy (van den Broek et al. 1991), with far-infrared
luminosity LFIR = 4×1010 L, and a high luminosity ratio,
LFIR/LB ∼ 8, indicating intense star formation activity. In
addition, Hα images of this system show the main galaxy
with luminous Hii regions along to the spiral arms, while
the secondary galaxy looks like an irregular galaxy with
two dominant Hii regions. Both galaxies are also rather blue
with (B−V) = 0.52 and (B−V) = 0.66 for AM 1228A and
AM 1228B, respectively.
This paper is organized as follows: in Sect. 2 we pro-
vide details on the observations and data reduction, pho-
tometric calibrations, and image restoration. Sect. 3 gives
the integrated magnitudes of the galaxies, and describes the
morphological analysis and the photometric decomposition
of the surface brightness profiles. Sect. 4 describes the gas
kinematics. In Sect. 5, we present the bulge, disc and halo
components used to model the velocity field. In Sect. 6, we
discuss the fit to the velocity field and its results, such as
mass distribution in the galaxies, and the determination of
the mass-to-light (M/L) ratio of each component and halo
parameters. Finally, the conclusions are summarized in Sect.
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Figure 1. r′ images with the observed slit positions of AM 2058-381 (top) and AM 1228-260 (bottom). Isophotes with values above the
sky are traced to show the tidal structures in AM 2058-381 and AM 1228-260.
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7. Throughout this paper, we adopt the Hubble constant as
H0=73 km s
−1 Mpc−1 (Spergel et al. 2007).
2 OBSERVATIONS AND DATA REDUCTION
This paper is based on r′ images and long-slit spectra ob-
tained with the GMOS at Gemini South Telescope, as part
of the poor weather programmes GS-2007A-Q-76 and GS-
2011A-Q-90.
Imaging and spectroscopic data reductions were carried
out using the gemini.gmos package as well as generic iraf1
tasks.
As part of the standard target acquisition procedure,
we obtained sets of short exposure time r′ images. The jour-
nal of observations is presented in Table 1. The images were
binned by 2 pixels, resulting in a spatial scale of 0.146 arc-
sec pixel−1. They were processed using standard procedures
(bias subtraction and flat-fielding) and combined to obtain
the final r′ images. The seeing was calculated using gemsee-
ing task of gemini.gmos package. This task derives the me-
dian value of the full width high maximum for the fields star
in the observed images by fitting a Moffat profile. Delivered
image quality of ∼ 0.82 and ∼ 0.75 arcsec were estimated for
r′ combined final images of AM 2058-381 and AM 1228-260,
respectively.
Spectra were obtained with the B600 grating plus the
1 arcsec slit, which gives a spectral resolution of 5.5 A˚. The
frames were binned on-chip by 4 and 2 pixels in the spatial
and wavelength directions, respectively, resulting in a spatial
scale of 0.288 arcsec pixel−1, and dispersion of 0.9 A˚ pixel−1.
Spectra at four different position angles (PAs) were
taken for each system. Fig. 1 shows the slit positions over-
plotted on r′ images for AM 2058-381 (top panel) and
AM 1228-260 (bottom). Dates, exposure times, PAs and
spectral ranges of spectroscopic observations are listed in
Table 2. Exposures times were limited to minimize the ef-
fects of cosmic rays, and several frames were obtained for
each slit position to achieve high signal-to-noise ratio.
We followed the standard procedure for spectroscopy
reduction by applying bias correction, flat-fielding, cosmic
ray cleaning, sky subtraction, wavelength and relative flux
calibrations. In order to increase the signal-to-noise ratio,
the spectra were extracted by summing over four rows. Thus,
each spectrum represents an aperture of 1 × 1.17 arcsec2.
The distance to each galaxy pair was taken as the radial
velocity measured at the nucleus of the main component
(see Sect. 4). We obtained distances of ∼ 167 and ∼ 80 Mpc
for AM 2058-381 and AM 1228-260, respectively; thus, the
apertures samples regions of 809× 946 pc2 and 388× 454 pc2
for each pair, respectively.
2.1 Photometric calibration
Since the data were taken in non-photometric conditions,
foreground stars from United States Naval Observatory-B1.0
1 iraf is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc. (AURA) under cooperative agree-
ment with the National Science Foundation.
Table 3. Sky background levels
Galaxy 1σ 2σ 3σ
AM 1228-260 23.32 22.57 22.13
AM 2058-381 22.91 22.16 21.72
Catalogue (USNO-B; Monet et al. 2003) present in the field-
of-view of the images, were used to calibrate the data. Point
spread function (PSF) photometry of these stars was per-
formed using the psf task within iraf/daophot. We applied
the bandpass transformation given by Monet et al. (2003)
to convert the J and F photographic magnitudes to r′ mag-
nitude in the Sloan Digital Sky Survey (SDSS) photometry
system. Then, the zero-points for the image were found to
be m0 = 27.28±0.08 and m0 = 27.83±0.09 for AM 2058-381
and AM 1228-260, respectively.
2.2 Sky background
The sky background levels of the r′ images were adopted as
the mean value of several boxes of 60×60 pixels, located far
from stars and galaxies in the field-of-view. The statistical
standard deviation (σ) of the sky background around the
mean value was also computed for these regions, to be used
as an estimate of the sky noise, and we adopt the value of 1σ
to define the limiting detection level for each system. Table
3 shows the detection limits, in magnitudes per square arc-
second, of the r′ images measured at 1, 2, and 3σ for pairs
AM 2058-381 and AM 1228-260.
2.3 Image restoration
One way to enhance star-forming features and morpholog-
ical structures in images is by means of image restoration.
In this work, we use the Lucy–Richardson (L-R) algorithm
(Richardson 1972; Lucy 1974) to deconvolve the r′ images.
Hernandez-Jimenez et al. (2013) applied this algorithm with
success on images of the pair AM 1219-430 to resolve can-
didates star-formation knots in several Hii regions. With
respect to the procedure, we obtained a PSF model for the
images, and used the lucy task within iraf/stsdas. The re-
stored data were properly normalized, and the integrated
flux in the image was conserved. Like any restoration tech-
nique, the L-R algorithm can introduce spurious informa-
tion. One of those well know artefacts is the appearance of
a negative moat around very high contrast point sources
(Pogge & Martini 2002). This effect is a problem for images
with strongly saturated nuclei, which is here the case of the
nucleus of AM 1228A. Therefore, the image for this galaxy
was not restored. The deconvolved images for AM 2058A,
AM 2058B and AM 1228B are shown in the left-panels of
Fig. 2. As described above, the star-forming regions and sub-
structures were enhanced in the images of all galaxies, par-
ticularly, the bright bar shows up in the restored image of
AM 2058A.
c© 2006 RAS, MNRAS 000, ??–??
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Table 1. Journal of image observations
Galaxy Date (UT) Exp. time (s) Filter ∆λ (A˚)
AM 2058-381 2007–05–11 3×40 r′ (G0326) 4562–6980
AM 1228-260 2011–03–20 2×30 r′ (G0326) 4562–6980
2011–03–29 1×30 r′ (G0326) 4562–6980
2011–04–14 2×30 r′ (G0326) 4562–6980
2011–04–15 1×30 r′ (G0326) 4562–6980
Table 2. Journal of long-slit observations
Galaxy Date (UT) Exp. time (s) PA (◦) ∆λ (A˚)
AM 2058-381 2007–05–20 4×600 42 4280–7130
2007–05–24 4×600 125 4280–7130
2007–05–26 4×600 94 4280–7130
2007–05–30 4×600 350 4280–7130
AM 1228-260 2011–03–20 2×900 319 4449–7312
2011–03–20 2×900 315 4449–7312
2011–03–29 2×900 20 4449–7312
2011–04–14 2×900 10 4449–7312
3 PHOTOMETRIC ANALYSIS
Tidal structures found in pairs are important clues to trace
galactic encounter, as well as of the internal structure of
the galaxy. They also serve for these systems as constraint
to a numerical simulation. In order to detect tidal struc-
tures, we plot isophotes with different σ levels over the im-
ages (see Fig. 1). We found for AM 1228-260, at 1σ brighter
than the sky background, a common isophote enclosing the
members. This tidal structure is broken up at 5σ in indi-
vidual isophotes for each galaxy. On the other hand, the
pair AM 2058-381 does not show any connecting structure
between the members above the 1σ level. However, by re-
laxing the above criteria of 1σ as detection limit, we found
that the main galaxy shows two symmetric long tidal tails
at the 0.5σ level, as shown in Fig. 1 (top panel).
Table 4 lists the integrated apparent (mT) r
′ magni-
tudes for the individual galaxies. For the AM 1228-260 sys-
tem, the magnitudes of the components A and B were ob-
tained by integrating the flux inside the isophote at a 5σ
level above the sky background, thus excluding the common
envelope contribution. For the AM 2058-381, the magnitudes
of the components were estimating integrating all flux above
the 1σ level of the sky background. The surface brightness
of those limiting isophotes (5σ and 1σ, respectively) is also
given in Table 4 as µlim. The absolute magnitudes (MT)
were corrected for the Galactic extinction using the infrared-
based dust map from Schlafly & Finkbeiner (2011), and the
luminosities (Lr) were estimated by adopting the solar ab-
solute r′ magnitude of 4.76 (Blanton et al. 2003). The to-
tal r′ luminosities of these systems, obtained integrating all
light above the sky background, correspond to 7.3 × 1010
and 4.1 × 1010 L for AM 2058-381 and AM 1228-260, re-
spectively.
Table 4. Total magnitudes and luminosities
Galaxy mT MT Lr/L µlim (mag arcsec−2)
AM 2058A 14.09 −22.14 5.73× 1010 22.91
AM 2058B 15.88 −20.35 1.10× 1010 22.91
Tidal tails 16.74 −19.19 3.80× 109 23.63
AM 1228A 13.24 −21.46 3.08× 1010 21.58
AM 1228B 16.58 −18.12 1.42× 109 21.58
Envelope 14.27 −20.06 8.48× 109 23.32
MW(a) - −21.17 2.34× 1010 -
LMC(a) - −18.60 2.21× 109 -
SMC(a) - −17.20 6.08× 108 -
Note: (a) values taken from Robotham et al. (2012).
We compared the photometric luminosities of our sys-
tems with those of a well known minor merger, the Milky
Way (MW) and Large and Small Magellanic Clouds (LMC
and SMC). Their r′ absolute magnitudes and luminosities
are also listed in Table 4. AM 2058A is twice more luminous
than the MW, while AM 2058B is about five times more lu-
minous than the LMC. Thus, this pair is a very luminous
minor merger when compared to the MW system. In con-
trast, the main and secondary galaxies in the AM 1228-260
system present luminosities similar to the MW and LMC,
respectively.
Comparing the luminosities of the components in both
systems, we found that the secondary galaxy in AM 1228-
260 has 5% of the luminosity of the main galaxy in this
pair, making it similar in terms of luminosity and projected
distance (∼ 11.9 kpc, or about two diameters of the main
c© 2006 RAS, MNRAS 000, ??–??
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galaxy), to the barred spiral NGC 1097 and its small com-
panion (Garc´ıa-Barreto, Carrilo & Vera-Villamizar 2003).
For AM2058-381, the secondary is much brighter, reaching
20% the luminosity of the main component.
The magnitudes of the tidal structures in AM 1228-260
and AM 2058-260 have been obtained by integrating the
flux between the 1σ–5σ and 0.5σ–1σ isophotes, respec-
tively (Table 4). The contribution of the tidal structures
to the total luminosity of the systems are 20 and 5% for
AM 1228-260 and AM 2058-260, respectively. The contribu-
tion to the total luminosity of the tidal structure of the first
pair is comparable with the tidal tails of the Antennas pair
(NGC 4038/4039) (Hibbard et al. 2001).
3.1 Symmetrization method
In order to subtract the morphological perturbations in-
duced by the interaction, we used the symmetrization
method of Elmegreen, Elmegreen & Montenegro (1992) and
the procedure outlined by Hernandez-Jimenez et al. (2013).
The method retrieves the two-fold symmetric and asymmet-
ric aspects of the spiral galaxy pattern by making successive
image rotations and subtractions. The asymmetric image
(hereafter A2) is obtained by subtracting from the observed
image the same image rotated by pi. On the other hand, the
symmetric image (hereafter S2) is obtained by subtracting
the asymmetric image from the observed one. The S2 image
would reveal the non-perturbed spiral pattern and disc. Fig-
ure 2 shows the deconvolved r′ images of the galaxies, the
A2 and S2 images.
The A2 image of AM 2058A shows a tidal arm to the
west and a pseudo-ring in the disc, as well as three large
Hii region complexes. The brightest one is on the tidal arm,
while the others are in the South-East part of the ring. On
the other hand, the S2 image presents two symmetric arms,
starting in the outer part of the disc. The S2 image reveals a
faint ring around the bar. The analysis of the surface bright-
ness profile confirms the existence of that structure (Sect.
3.2).
The A2 image of AM 2058B reveals three high surface
brightness knots. The one located at 1.42 kpc W of the
galaxy nucleus is very luminous when compared to the other
two. The S2 image “digs up” the disc structure and a boxy
pseudo bulge.
The A2 image of AM 1228A shows a distorted ring
around a bar, as well as an over-density in the North-West
part of the bar. The over-density at North of the bulge might
be a giant Hii region. The S2 image allows us to correctly
classify the morphological type as ovally distorted barred
spiral SABc. On the other hand, the A2 image of AM 1228B
shows a very conspicuous North-West Hii region at 2.7 kpc
from the nucleus. We also see at North in this image, part of
the weak common structure of the members. The S2 image
reveals the underlying disc and bulge for this galaxy.
The correct determination of the inclination and ori-
entation of a galactic disc is not a straightforward task
(e.g., Grosbol 1985; Barbera`, Athanassoula & Garc´ıa-Go´mez
2004), and even more difficult for interacting systems due to
the morphological perturbations. One advantage of the sym-
metrization method is that the S2 images help to reveal the
underlying galaxy disc. From those, we adopted as the po-
sition angle (PA) and inclination i of the discs, the mean
Table 5. Inclination and position angle
Galaxy i (◦) PA (◦)
AM 2058A 58.1◦ ± 0.2◦ 18.9◦ ± 0.5◦
AM 2058B 70.2◦ ± 0.2◦ 79◦ ± 0.1◦
AM 1228A 63.6◦ ± 0.7◦ 162.1◦ ± 0.5◦
AM 1228B 69.4◦ ± 0.2◦ 151.3◦ ± 0.1◦
of the respective values of the most external isophotes. The
calculated values are listed in Table 5. Another advantage
of the S2 images is that they allow for a more clear classi-
fication of the morphological type of the galaxies from the
non-perturbed structures. The main components, AM 2058A
and AM 1228A can both be classified as Sc galaxy types
(AM 1228A is further identified as a SABc, as discussed
above), while the secondary components, AM 2058B and
AM 1228B, are S0 and Sd types, respectively.
3.2 Light profiles
In order to derive the r′ surface brightness profiles of the S2
images, we used the ellipse task of iraf/stsdas (Jedrzejew-
ski 1987) and followed the same procedure as Hernandez-
Jimenez et al. (2013), which is based on the methodology of
Cabrera-Lavers & Garzo´n (2004). ellipse fits the isophotal
contours with a mean ellipse, parametrized with values of
PA, ellipticity and coordinates of the centre. The best fits
were achieved by fixing the centre positions. During the fit-
ting process, we adopted a clipping factor of 20% for the
brightest pixels in each annulus to avoid pixels of star for-
mation regions. We also visually inspected the ellipse fits
to each galaxy to insure that the position angle at a given
semi-major radius was not artificially twisted by any star
formation region, and we noted that 20% clipping was good
enough to isophote fit.
To represent the surface brightness profiles, we assume
that the surface luminosity of a galaxy is the sum of the
luminosities of each individual component. We have used
different profiles for the different components: an exponen-
tial law for the disc (Freeman 1970), the Se´rsic profile for
the bulge component (Se´rsic 1968), an elliptical profile for
the bars (Freeman 1966), and the Buta (1996) profile to
represent a ring. The bulge and disc profile can be formally
expressed as
I(r) = Ib exp
[
kn
(
r
re
) 1
n
]
, kn = 2n− 0.324, (1)
and
I(r) = Id exp
[
−
(
r
rd
)]
. (2)
where Ib and re are the bulge central intensity and effective
radius, and Id and rd are the disc central intensity and the
scale length. The bar and ring components profiles are given
by
I(r) = Ibar
[
1−
(
r
rbar
)2]1/2
, (3)
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Figure 2. Image restoration and symmetrization for the main and secondary galaxies of the two systems. Left panels: L-R deconvolved
images (except for AM 1228A, which shows observed image, see text); middle and right panels: A2 and S2 images obtained from the
symmetrization analysis.
and
I(r) = Iring exp
[
−1
2
(
r − rring
σring
)2]
. (4)
The procedure to decompose the surface brightness pro-
files is described below. First, the disc component was fitted
and subtracted from the original profile. Then, the bulge
component is fitted to the residuals, and subtracted from
the observed profile. The process (fitting then subtracting
disc and bulge components) is repeated, and after some it-
erations, a stable set of parameters for the two main compo-
nents is obtained. Those two are then subtracted from the
observed profile, and the secondary components (bar and
ring) are obtained. Then, these components are subtracted
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Figure 3. Structural decomposition of the surface brightness profiles of AM 2058A (top-left panel), AM 2058B (top-right), AM 1228A
(bottom-left) and AM 1228B (bottom-right).
from the observed profile, and the bulge and disc are fitted
again. The process continues until convergence of the param-
eters is achieved (for more details, see Hernandez-Jimenez
et al. 2013).
Figure 3 presents the decomposition of the surface
brightness profiles of the pair members of AM 2058-381 and
AM 1228-260. The bulge and disc structural parameters are
listed in Table 6, while the structural parameters for sec-
ondary components (bars and rings) are given in Table 7.
The observed surface brightness profiles of AM 2058A
and AM 1228A cannot be properly represented by a simple
decomposition in bulge and disc components. Visual inspec-
tion of the S2 images (see Fig. 2), as well as the variation of
the geometrical parameters and the surface profiles, indicate
that these galaxies host bar and ring structures. The sum of
the four adopted components fits well the observed profiles
over almost all radii (Fig. 3), although the reduced χ2 of 4.73
for AM 1228A and 5.63 for AM 2058A. These high values are
due to the irregularities of the observed surface brightness
profiles. On the other hand, the surface brightness profiles of
the secondary galaxies, AM 2058B and AM 1228B, are well
fitted by two components, bulge and disc, with a reduced χ2
of 1.62 and 0.72, respectively.
The disc scale lengths and central magnitudes obtained
for all galaxies (Table 6) agree well with the average values
(rd = 3.8±2.1 kpc and µd = 20.2±0.7mag/arcsec2) derived
by Fathi et al. (2010) and Fathi (2010) for a large sample
of galaxies with no evidence of ongoing interaction or dis-
turbed morphology. This indicates that the symmetrization
method is adequate to recover the unperturbed disc of the
interacting galaxies. Regarding the bulge component, the re-
sulting profiles have Se´rsic indexes typical of pseudo bulge
(n < 2) (Kormendy & Kennicutt 2004). Pseudo-bulges,
when compared to classical ones, tend to show younger stel-
lar populations, kinematics supported by rotation, and less
concentrated surface brightness profiles, similar to those of
discs (Gadotti 2009). Pseudo-bulges can be formed on longer
time-scales, via disc instabilities and secular evolution pro-
cesses caused by non-asymmetric structures (see Kormendy
& Kennicutt 2004, for review), or tidal interaction between
galaxies. Both perturbations cause gas to flow towards the
galaxy centre and subsequent star formation, resulting in
a compact stellar component with high v/σ, which leads
to features typical of a pseudo-bulge (Weinzirl et al. 2009).
Therefore, we infer that the pseudo-bulges may be caused
by the on-going interaction. In order to test these scenarios,
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Table 6. Structural parameters of the bulges and discs
Bulge Disc
Galaxy µb (mag/arcsec
2) re (arcsec) re (kpc) n µd (mag/arcsec
2) rd (arcsec) rd (kpc)
AM 2058A 17.27± 0.58 0.63± 0.025 0.51 0.90± 0.08 19.60± 0.11 7.37± 0.26 5.96
AM 2058B 19.13± 0.07 1.56± 0.01 1.27 0.41± 0.02 20.66± 0.08 6.00± 0.19 4.86
AM 1228A 17.07± 1.08 0.99± 0.06 0.38 0.86± 0.16 19.60± 0.28 12.36± 1.05 4.80
AM 1228B 15.83± 5.9 0.60± 0.13 0.23 2.08± 0.95 20.66± 0.07 8.58± 0.47 3.33
Table 7. Structural parameters of the secondary components
Bar Ring
Galaxy µbar (mag/arcsec
2) rbar (arcsec) µring (mag/arcsec
2) rring (arcsec) σring
AM 2058A 21.19± 0.11 4.09± 0.18 22.07± 0.01 5.11± 0.01 0.63± 0.01
AM 1228A 21.11± 0.44 6.57± 1.11 21.83± 0.04 11.18± 0.06 1.73± 0.08
it would be necessary to perform a numerical simulation for
these pairs, which will be done in a forthcoming paper.
The derived photometric parameters are used to calcu-
late the integrated luminosity for each component:
L =
∫ rmax
rmin
I(r)2pirdr, (5)
where I(r) can be any of the profiles above defined. The
integral limits, rmin and rmax, are the minimum and maxi-
mum radii of the surface brightness profile. The luminosities
(Lr) found for each component in the fit, their contribu-
tion (in %) to the total luminosity, the bulge-to-total (B/T)
and bulge-to-disc (B/D) luminosity ratios are listed in Ta-
ble 8. The B/T ratios obtained for AM 2058A, AM 1228A
and AM 1228B are very small, with values < 0.1, but con-
sistent with their morphological classification as late-type
spirals (e.g., Fisher & Drory 2008; Weinzirl et al. 2009). For
AM 2058B, the B/T ratio is 0.34, which is similar to those
found for early-type galaxies. The B/D ratios found for the
main galaxies, AM 2058A and AM 1228A, are also in good
agreement with the reported average value of log (B/D)=
−1.070.45−0.30 for Sc galaxies (Graham & Worley 2008). Simi-
larly, the B/D ratios determined for the secondary galaxies,
AM 2058B and AM 1228B, are within the ranges of values re-
ported for their respective morphological types, log (B/D)=
−0.340.10−0.07 for S0 galaxies and log (B/D)= −1.380.47−0.50 for
Sd (Graham & Worley 2008).
The bar lengths in AM 2058A and AM 1228A are 3.3
and 2.5 kpc, respectively. These values are typically seen
in late-type spirals (Elmegreen & Elmegreen 1985; Gadotti
2008). Even so, their contribution to the total luminosity
is quite low: ∼4% for both galaxies. The ring structure in
AM 1228A contributes with ∼6% to the total luminosity,
while in AM 2058A, it contributes with only ∼ 2%.
4 IONIZED GAS KINEMATICS
Individual spectra were extracted along the slit positions in
apertures of 1 × 1.17 arcsec2. The radial velocity at each
position was derived by averaging the resulting centroid of
Gaussian curves fitted to the profiles of the strongest emis-
sion lines ([Nii] λ6548.04, Hα λ6563, [Nii] λ6584 and [Sii]
λ6717). We adopted the radial velocity of the central aper-
ture of each galaxy as systemic velocity. These values are
listed in Table 9. The systemic velocities for the members
of AM 2058-381 are in agreement with the previous values
found by Donzelli & Pastoriza (1997).
Figure 4 shows the AM 2058A image with the three
slit positions overlaid, and the radial velocity profiles (RVP)
measured along the corresponding slits. The RVP observed
at PA=350◦ passed through the centre of the galaxy. The
Northern and Southern sides of the curve (approaching and
receding sides, respectively) are rather symmetric, with a
steep rise in the inner radii and a flattening trend in the
outer regions, and a maximum velocity of ±150 km s−1 at ∼
±10 kpc. The RVP along the direction North-East to South-
West (PA=42◦) is quite smooth, but asymmetric in veloc-
ity, reaching -120 and 200 km s−1 respectively. The velocity
field obtained along the slit with PA=125◦ shows wavelike
form with different minimum and maximum. This slit posi-
tion is located across the Western part of the disc and the
North-Western spiral arm. Similar effects were observed on
the velocity field in the vicinity of the spiral arms in the
interacting spiral galaxy NGC 5427 (Alfaro et al. 2001).
Two slit positions (PA=350◦ and PA=94◦) were ob-
served in AM 2058B and their RVPs are shown in Fig. 5.
These RVPs have few points because of the small angular
size of this galaxy, and none of them through the galactic
centre. The RVP along PA=350◦ is quite symmetric and has
a linear behaviour with small slope. Both sides, approach-
ing (South part) and receding (North), reach a maximum
velocity of ±40 km s−1. In contrast, the RVP along PA=94◦
appear to be located along the zero-velocity line of this
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Table 8. Luminosities of main and secondary components
Bulge Disc Bar Ring B/T B/D
Galaxy Lr/L % Lr/L % Lr/L % Lr/L %
AM 2058A 1.75× 109 2.8 5.78× 1010 90.8 2.77× 109 4.3 1.36× 109 2.1 0.03 0.03
AM 2058B 5.73× 109 34.6 1.10× 1010 65.4 - - - - 0.34 0.52
AM 1228A 1.38× 109 3.0 3.88× 1010 85.2 1.93× 109 4.2 2.84× 109 6.2 0.03 0.04
AM 1228B 1.53× 108 6.6 2.15× 109 92.4 - - - - 0.06 0.07
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Figure 4. Kinematics along PA=350◦(top-left panel), PA=125◦(bottom-left) and PA=42◦(bottom-right) in AM 2058A. The velocity
scale corresponds to the observed values after subtraction of the systemic velocity, without correction for inclination on the plane of the
sky. The top-right panel shows the AM 2058A image with the location of the slits and extracted apertures overlaid.
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Table 9. Systemic Velocities
Galaxy Systemic Velocity (km s−1) PA Slit (◦)
AM 2058A 12173±5 350
AM 2058B 12309±4 94
AM 1228A 5844±3 319
AM 1228B 5937±3 4
galaxy. This result is surprising, because the velocity line-
of-nodes should be aligned with the photometric major axis
(PA=79◦) and not with the photometric minor axis, which
is the case for this galaxy. Could AM 2058B be a tumbling
body, rotating along its major axis? To answer this ques-
tion, a more detailed analysis of the velocity field would be
required (e.g., using integral field spectroscopy). However, if
AM 2058B is rotating like a solid body, with constant angu-
lar momentum, it would explain the RVP linear behaviour
along PA=350◦. Another question, could the misalignment
of angular momenta of AM 2058B be caused by the main
companion? In a recent work, Cen (2014) studied the evolu-
tion of angular momenta in galaxies in cosmological simula-
tions, and found that the spin changes direction frequently
due to tidal interaction with nearby companions.
Figure 6 shows the RVPs for the slit positions at
PA=319◦, PA=10◦and PA=20◦ , and location of the spec-
tral extractions for AM 1228A image. The RVP at PA=319◦
seems to be close to the zero-velocity line, with velocities be-
tween 0 km s−1 and 50 km s−1. In fact, as we discuss in Sect.
5, there is a misalignment between the kinematic and photo-
metric axes, like in AM 2058B. On the other hand, the RVP
at PA=10◦ in the Northern part shows increasing velocity,
from -60 up to 80 km s−1, while in the South, it becomes flat.
Conversely, the RVP at PA=20◦ is rather flat in the North-
ern part (with small oscillations smaller than 10 km s−1) at
∼ 20 km s−1, rising linearly up to 130 km s−1 in the Southern
part.
The RVP for AM 1228B are show in Fig. 7. Similarly
to AM 2058B, the RVP for AM 1228B has few points due
to its small angular size. This RVP shows a very peculiar
form: it starts at North-West with a velocity of 60 km s−1,
immediately drops to ∼ 15 km s−1, then a linear increase up
to ∼ 15 km s−1 at ∼ 1 kpc from the centre. Finally, at South-
East direction, the measured velocities drop again, falling to
∼ −10 km s−1.
5 ROTATION CURVE MODELS
The mass distributions of the main galaxies in the studied
pairs are modelled as the sum of the bulge, disc and dark
halo components. We assume that the mass distribution fol-
lows the deprojected luminosity distribution with constant
M/L ratio for the bulge and disc.
For the bulge mass distribution, we use the rotation
curve derived for a Se´rsic profile density. This profile is ob-
tained by an Abel integral equation (Binney & Tremaine
1987; Simonneau & Prada 2004), which relates bulge surface
brightness (equation 1) to density:
ρ(s) =
1
pi
kn
n
IbΥb
∫ ∞
s
exp[−knz 1n ]z 1n−1√
z2 − s2 dz, (6)
where Ib, re, n and kn are those in equation 1, and s =
(r/re). Υd is the M/L for the bulge component. The circular
velocity (Vb) associated for the bulge is:
V 2b (r) = G
M(r)
r
, (7)
where
M(r) = 4pi
∫ r
0
r2ρ(r) dr. (8)
For the disc, the circular velocity (Vd) curve derived
for an exponential disc is given by the following equation
(Freeman 1970; Binney & Tremaine 1987)
V 2d (r) = 4piGΥdIdrdy
2[I0(y)K0(y)− I1(y)K1(y)], (9)
where Id and rd are those in equation 2 and Υd is the M/L
for disc component. y = r/2rd, In and Kn are modified
Bessel functions of the first and second kinds, respectively.
For the halo mass model, we use the density profile pro-
posed by Navarro, Frenk & White (1995; 1996; 1997, here-
after NFW). In this case the dark matter density is given
by
ρ(r) =
ρ0ρc
( r
rs
)(1 + r
rs
)
, (10)
where rs is a characteristic radius, ρc is the present critical
density and ρ0 is the characteristic overdensity. The latter is
defined as ρ0 =
200
3
c3
[ln(1+c−c/(1+c))] , where c ≡ r200/rs is the
halo concentration (Navarro, Frenk & White 1996). r200 is
the distance from the centre of the halo at which the mean
density is 200 times the ρc. The mass interior inside this
radius is M200 =
4
3
pi200ρcr
3
200. The circular velocity (Vh) in
the NFW profile parametrized with M200 and c is:
V 2h (r) =
GM200
g(c)r
[
ln(1 + cr/r200)− cr/r200
1 + cr/r200
]
. (11)
The final rotation curve model is computed from the
squared sum of the circular velocities of the bulge, disc and
halo components:
V 2c (r) = V
2
b (r) + V
2
d (r) + V
2
h (r). (12)
This equation has 9 parameters, 5 photometric and 4
dynamic. The photometric parameters were already deter-
mined for the bulge (Ib, re and n) and disc (Id and rd) in
Sect. 3.2, and are fixed. On the other hand, the dynamic pa-
rameters, the bulge and disc M/L ratios (Υb and Υd, respec-
tively) and the halo parameters (M200 and c), are free. Since
we have multiple observations with different long-slit orien-
tations on the main galaxies (see Figs. 4 and 6 for AM 2058A
and AM 1228A, respectively), we have fitted the projected
Vc in the plane of the sky for all positions simultaneously.
Therefore, the observed radial velocity at position (R,φ) on
the sky plane is related to the circular velocity [Vc(r)] by the
following equation (Elmegreen 1998; Palunas & Williams
2000).
V (R,φ) = Vsys+Vc(r) sin i
[
cos i cos(φ− φ0)√
1− sin2 i cos2(φ− φ0)
]
, (13)
and
c© 2006 RAS, MNRAS 000, ??–??
12 Hernandez-Jimenez et al.
−5 0 5
X (arcsec)
−5
0
5
Y
(a
rc
se
c)
-2.3 kpc
3.5 kpc
-3.5 kpc
0.0 kpc
3.5 kpc
N
E
PA=350
PA=94
Figure 5. Same as Fig. 4 for AM 2058B and slits with PA=350◦(right) and PA=94◦(left).
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Figure 6. Same as Fig. 4, for AM 1228A (top-left panel) and slits with PA=319◦(top-left), PA=10◦(bottom-left) and PA=20◦(bottom-
right).
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Figure 7. Same as Fig. 4 for AM 1228B (right panel) and slit with PA=315◦(left)
r = R
√
1 + sin2(φ− φ0) cos2 i, (14)
where i is the inclination of the galactic disc, φ0 is the PA of
the projected major axis, and Vsys is the systemic velocity.
The disc centre (Rc, φc) is an implicit pair of parameters in
the model. It is important to note that the term in brackets
is equal to one when Vc is measured along the major axis,
in which case, r = R. The latter equation introduces five
additional parameters, namely: i, φ0, Vsys, Rc and φc. The
first two are determined by the fit of the outer isophote
of the disc (Sect. 3.1), and thus, are fixed parameters, while
the remaining three are free parameters in the rotation curve
model.
Note that the photometric major axis is not necessar-
ily aligned with the kinematic one. In fact, in a recent pa-
per, Barrera-Ballesteros et al. (2014) studied the velocity
maps for a sample of 80 non-interacting spiral galaxies, and
found that 10% of those galaxies present kinematic misalign-
ments larger than 22◦. In order to indirectly determine the
PA kinematics major axis, we fitted our data with a phe-
nomenological potential given by Bertola et al. (1991), with
an on-the-sky projection
V (R,φ) = Vsys +
AR cos(φ− φ0) sin i cosp i
(R2η + c20 cos
2 i)p/2
, (15)
with
η ≡ [sin2(φ− φ0) + cos2(i) cos2(φ− φ0)], (16)
where A and c0 and p are parameters that define the am-
plitude and shape of the curve. The remaining parameters,
Vsys, φ0, Rc and φc, are the same as in equation 13. The in-
clination remains constant due to the well known limitation
to derive this parameter from kinematics. The parameter ob-
tained by fitting the above equation to the AM 2058A and
AM 1228A data are listed in Table 10. Instead of φ0 and Rc,
we give the difference between kinematic and photometric
centres, in the sky plane, ∆x and ∆ y. In addition to these
parameters, Table 10 also gives the angular difference found
between the PA of the kinematic and photometric major
axis. The p parameter for both galaxies is close to 1, which
is the expected value for flat rotation curves (Bertola et al.
1991). Vsys values agree with the observation, while both
galaxies show an offset between the photometric and kine-
matic centres of ∼ 0.2 and ∼ 0.4 kpc, for AM 2058A and
AM 1228A, respectively. However, these offsets are smaller
than the seeing for each galaxy (0.94 and 0.45 kpc, respec-
tively). For AM 2058A, there is a good agreement between
the photometric and kinematic axes orientation, while for
AM 1228A, there is a misalignment of 58◦ between the axes.
One possible explanation is that the photometric PA, de-
rived from the outermost isophotes of AM 1228A’s disc are
twisted due to the common external tidal structure present
in this system. Another possibility would be the well-known
characteristic “S”-shape in the zero-velocity curve, like that
observed in the velocity field of the barred spirals (e.g., Pe-
terson & Huntley 1980; Garc´ıa-Barreto & Rosado 2001; Em-
sellem et al. 2006; Barrera-Ballesteros et al. 2014). How-
ever, this effect introduces asymmetries rather than mis-
alignments between the photometric and kinematic axes ori-
entation.
6 MASS MODELS
In order to determine the mass distribution of the main
galaxies of the studied pairs, we use the force method out-
lined in Hernandez-Jimenez et al. (2013). This method con-
sists basically in exploring the phase space generated by
M/L ratios of the bulge (Υb) and disc (Υd), the halo pa-
rameters (M200, c) and geometrical parameters (Vsys, φ0,
Rc). Each point in this phase space represents a model of
the rotation curve given by equation 13, and associated with
this model the χ2 resulting of the fit of the data. The ex-
plored ranges for the Υb, Υd, M200, c, φ0 and Rc parameters
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Table 10. Parameters derived from the phenomenological model
Galaxy A (km s−1) c (kpc) p Vsys (km s−1) ∆x (kpc) ∆ y (kpc) PA (kine) PA (phot) ∆θ
AM 2058A 823.2 45.5 1.2 12164.3 -0.02 0.07 194.5◦ 198.9◦ 4.4◦
AM 1228A 105.6 14.8 0.9 5887.2 0.42 -0.15 221.1◦ 162.1◦ 58.9◦
Table 11. Explored ranges of the mass model parameters
Parameter Min. value Max. value ∆ value
Υb 0.00 2.00 0.10
Υd 0.00 2.00 0.10
log(M200/1012 M) -1.30 1.00 0.03
c 5.0 60.0 1.00
∆x, y (kpc) for AM 1228A -0.94 0.94 0.470
∆x, y (kpc) for AM 2058A -0.45 0.45 0.225
are given in Table 11, again the kinematics centre is given
in terms of the offset with respect to the geometrical cen-
tre, ∆x and ∆ y. The choice of halo parameters is based on
the values found in cosmological simulations with NFW’s
profile (Navarro, Frenk & White 1996; Bullock et al. 2001).
With respect to the explored ranges of M/L for the bulge
and disc, we chose values corresponding to the minimum and
maximum disc (e.g., van Albada et al. 1985; Carignan 1985;
Kent 1987). On the other hand, the kinematic centres were
chosen to be inside the respective seeing boxes. Finally, we
explored 5 values of Vsys for each galaxy: the radial velocity
measured at the central and two adjacent apertures, plus
the mean values between them.
The RVPs used to fit the mass model for AM 2058A
are those observed at PA=350◦and PA=42◦. The RVP at
PA=125◦was excluded because it crosses along the N-W arm
and present kinematic irregularities (Sect. 4). On the other
hand, all observed RVPs for AM 1228A were used to fit the
mass distribution model.
The geometrical and dynamic parameters for the best-
fitting models for AM 2058A and AM 1228A, corresponding
to the global minimum of χ2, are listed in Tables 12 and 13,
respectively. Uncertainties at 1σ confidence (68%) are also
given. Fig. 8 shows the χ2 space projections of AM 2058A
and AM 1228B on the planes log(M200/M∗)–c and Υb–Υd.
These plots are useful to find the global minimum and its
convergence pattern. The convergence pattern in the plane
log(M200/M∗)–c has a “banana” shape due to the degener-
acy between M200 and c; a decrease in c is balanced with
an increase in M200, and vice versa. The “banana” shape is
more evident in the χ2 space projection of AM 2058A (Fig.
8). Anyway, both convergence patterns are tight and deep,
with a marked absolute minimum. On the other hand, the
shape of the converge pattern in the Υb–Υd planes is sim-
ilar, in terms of the narrowness with respect to Υd axis,
in both galaxies. Regarding the Υb axis, the absolute min-
imum for both galaxies is 0.0, but the confidence curves of
the AM 1228A are tighter than in AM 2058A. These results
are not surprising, because both galaxies are late-type spi-
Table 12. Geometrical parameters for the best-fitting models for
AM 2058A and AM 1228A
Galaxy Vsys (km s−1) ∆x (kpc) ∆ y (kpc)
AM 2058A 12157.3 0.47 0.94
AM 1228A 5894.4 0.45 -0.22
rals having B/T ratios rather low, ∼ 3% (see Table 8). In
general, the mass distribution for this type of galaxy is mod-
elled without bulge (e.g., van Albada et al. 1985; Carignan
1985; Begeman 1989; Kuzio de Naray, McGaugh & de Blok
2008).
The halo parameters found for AM 2058A and
AM 1228A are compared with those reported for the MW,
M 31, and a late-type spiral galaxy model. Table 14 lists the
parameters c, R200 and M200 for all those galaxies. We see
that halo parameters for AM 2058A are similar to those of
the MW and M 31, while those for AM 1228A are quite dif-
ferent. The halo mass of AM 2058A is roughly nine times
larger than that of AM 1228A. This difference may be re-
lated to galaxy size, since the equivalent radius of the outer-
most isophote for AM 2058A is 11.6 kpc, while for AM 1228A
is 5.7 kpc.
Figure 9 shows the velocity field modelled for
AM 2058A, together with its projections on observed RVPs
obtained at PA=350◦, PA=42◦ and PA=125◦. In general,
there is a good match to the observations, in particular, for
the RVP along PA=42◦. On the other hand, the model for
RVP along PA=350◦ shows a good agreement with the data
in the approaching side, while in the receding side there is
a departure between model and observations. This shift in
velocity is of the order of ∆V ∼ 20 km s−1. We can inter-
pret this departure in velocity as if this part of the galaxy
is speeding up, and/or as if it is being deviated from the
galactic plane due to interaction with AM 2058B. This type
of irregularity has been reported in two interacting sys-
tems, NGC 5427 (Fuentes-Carrera et al. 2004) and AM 1219-
430 (Hernandez-Jimenez et al. 2013). It is also observed in
galaxies in high density environments, such as galaxy clus-
ters (Dale et al. 2001). Finally, the model for RVP along
PA=42◦ follows the trend of the observed curve. However,
some points have ∆V > 50 km s−1. Nevertheless, as com-
mented in Sect. 4, this behaviour is expected because the
slit crosses the North-West arm (Fig. 6).
Figure 10 shows the resulting model for the velocity
field of AM 1228A, along with the projected RVPs and data
points for different slit positions. The observed data are well
represented by the model. However, the global minimum χ2
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Figure 8. Left panels: χ2 space projections on the plane log(M200/M∗)–c for AM 2058A (top) and AM 1228A (bottom). Right panels:
χ2 space projections on the plane Υb–Υd for AM 2058A (top) and AM 1228A (bottom). Contours of ∆χ
2 corresponding to a probability
of 68.3, 95.4 and 99.7 per cent (1σ, 2σ, 3σ) for 1 degree of freedom. The plus symbol indicates the global minimum of χ2.
Table 13. Dynamic parameters for the best-fitting models for AM 2058A and AM 1228A
Galaxy Υb Υd c M200/M Mb/M Md/M Mh/M Mt/M
AM 2058A 0.00+0.280.00 1.06
+0.32
−0.32 17.5
+2.0
−2.0 0.902
+0.463
−0.275 × 1012 - 8.47× 1010 9.03× 1010 1.75× 1011
AM 1228A 0.00+0.040.00 0.84
+0.08
−0.16 39.0
+3.0
−3.0 0.102
+0.043
−0.019 × 1012 - 2.27× 1010 1.94× 1010 4.21× 1010
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Figure 9. The resulting velocity field (upper-left panel) from the best-fitting model for AM 2058A, and their projections overlaid on the
observed radial velocity profiles along the slit positions at PA=350◦ (upper-right), PA=125◦ (lower-left) and PA=42◦ (lower-right). The
models of the observed radial velocity profiles are the continuous lines and observed data are red points with error bars.
for AM 1228A is much greater than that of AM 2058A. This
discrepancy may be due to two factors: first, as the model of
AM 1228A has more points to fit, it is expected that the χ2
be higher for this galaxy than that for AM 2058A. Secondly,
the RVPs observed along AM 1228A have more irregularities
than those on AM 2058A (Fig. 6). Regarding the quality of
the modelled velocity field in specific RVPs, the RVP model
along PA=319◦ follows the trend of the observed curve. This
RVP is close to the zero-velocity line of the modelled velocity
field (Fig. 10). On the other hand, the models for RVPs along
PA=10◦ and PA=20◦ also follow the trend of the observed
curves, but do not reproduce completely the flat parts of
these curves, the South and North parts, respectively.
The final rotation curve models are shown in Fig. 11,
along with the disc and halo components. For AM 2058A,
the disc and halo have similar weights along the overall
radii of the rotation curve, being the halo component some-
what more important than the disc component. On the or-
der hand, the middle part of the rotation curve of AM 1228A
(0.0 . r . 5.0 kpc) is dominated by the halo component,
while the disc becomes dominant in the outer parts (5.0 & r
kpc). It is worth mentioning that the disc component will
dominate up to their peak at 10.5 kpc, after that, the curve
will be dominated completely by the halo component.
The cumulative masses for the disc (Md) and halo (Mh)
components of the main galaxies, along with the total masses
(Mt), are listed in Table 13. These values are estimated in-
side the equivalent radii of the outermost isophotes. The
total masses of AM 2058A and AM 1228A are 1.75 × 1011
and 4.21 × 1010M, respectively. Thus, the ratio between
the integrated masses of both galaxies is proportional to
their physical sizes. We found for AM 2058A and AM 1228A,
the mass-to-light ratios, M/Lr, 3.05 and 1.37, respectively.
The M/Lr value found for AM 2058A is in agreement with
the mean value, M/Lr = 4.5 ± 1.8, derived for a sample of
290 late-type spiral galaxies studied by Broeils & Courteau
(1997). The low M/Lr value found for AM 1228A may be
accounted for by intense star formation.
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Figure 10. Same as Fig. 9 for the best-fitting model of AM 1228A, slit positions corresponding to PA=319◦ (upper-right), PA=10◦
(lower-left) and PA=20◦ (lower-right).
Figure 11. Final rotation curves (continuous lines) and components, disc (dotted) and halo (dashed), from the best-fitting models for
AM 2058A (left panel) and AM 1228A (right).
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Table 14. Comparison of the derived halo parameters for
AM 2058A and AM 1228A with those found for other galaxies
Galaxy c R200 (kpc) M200/M
AM 2058A (χ2min) 17 194 0.902
+0.463
−0.275 × 1012
AM 1228A (χ2min) 39 94 0.102
+0.043
−0.019 × 1012
MW (a) 18 186 0.8+1.2−0.2 × 1012
M 31 (b) 13 200 1.04× 1012
Simulation Sc (c) 22 239 0.79× 1012
Note: values taken from, (a) Battaglia et al. (2005), (b) Tamm et
al. (2012) and (c) ERIS simulation for the formation of late-type
spiral galaxies (Guedes et al. 2011).
7 CONCLUSIONS
A detailed study of the morphology, kinematics and dynam-
ics of the minor mergers AM 2058-381 and AM 1228-260 was
performed. The work is based in r′ images and long-slit spec-
tra in the wavelength range from 4 280 to 7 130A˚ , obtained
with the GMOS at Gemini South. The main results are the
following:
(i) AM 2058A is ∼ 5 times more luminous than
AM 2058B, while AM1228A is ∼ 20 times more luminous
than AM 1228B. In addition, AM 2058-381 is a very lumi-
nous minor merger when compared to the MW system.
In contrast, the main and secondary galaxies of the pair
AM 1228-260 have similar luminosities similar to MW and
LMC, respectively.
(ii) For AM 1228-260 we detected a common isophote en-
closing the members, which contributes with 20% of the total
luminosity of the pair. For the main galaxy of AM 2058-381,
we detected two symmetric, long tidal tails, having only 5%
of the system total luminosity.
(iii) The main galaxies, AM 2058A and AM 1228A, were
decomposed in bulge, bar, ring and disc, while the secondary
galaxies, AM 2058B and AM 1228B, in bulge and disc. The
disc parameters derived for these galaxies agree with the
average values found for galaxies with no sign of ongoing in-
teraction or disturbed morphology (Fathi et al. 2010; Fathi
2010). This indicates that the symmetrization method is ad-
equate to recover the unperturbed disc of the interacting
galaxies.
(iv) The studied galaxies have pseudo-bulges, with a
Se´rsic index n < 2. On the other hand, the B/T for
AM 2058A, AM 1228A and AM 1228B are very small (B/T
< 0.1), which is typical of late-type spirals. For AM 2058B,
B/T is 0.34, which is similar to the early-type galaxies.
(v) The receding side of the RVP along PA=350◦ of
AM 2058A departs from the velocity field model. This depar-
ture can be interpreted as if this part of the galaxy is speed-
ing up, and/or as if it is being deviated from the galactic
plane due to interaction with AM 2058B. There is a strong
evidence that AM 2058B be a tumbling body, rotating along
its major axis.
(vi) The observed RVPs of AM 1228A indicate that there
is a misalignment between kinematic and photometric ma-
jor axes. Only a small fraction of non-interactions galax-
ies present this feature (Barrera-Ballesteros et al. 2014).
The observed RVP at PA=319◦ for AM 1228B is quite per-
turbed, very likely due to the interaction with AM 1228A.
(vii) The NFW halo parameters (M200 and c) found for
AM 2058A are similar to those reported for the MW and
M 31, while the halo mass of AM 1228A is nine times smaller
than that of AM 2058A. It was found a M/Lr′ of 3.05 and
1.37 for AM 2058A and AM 1228A, respectively. The M/Lr′
of AM 2058A is in agreement with the mean value derived
for late-type spiral galaxies (Broeils & Courteau 1997), while
the low M/Lr′ obtained for AM 1228A may be due to the
intense star formation ongoing in this galaxy.
The parameters obtained in this paper will serve as a
starting point in future numerical simulations to reproduce
the dynamical histories and predict the evolution of the en-
counter of these pairs.
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